We have developed technologies that simplify genomic library construction and screening, substantially reducing both the time and the cost associated with traditional library screening methods and facilitating the generation of gene-targeting constructs. By taking advantage of homologous recombination in Escherichia coli, we were able to use as little as 80 bp of total sequence homology to screen for a specific gene from a genomic library in plasmid or phage form. This method, called recombination cloning (REC), takes only a few days instead of the several weeks required for traditional plaque-lift methods. In addition, because every clone in the mouse genomic library we have constructed has a negative selection marker adjacent to the genomic insert, REC screening can generate gene-targeting vectors in one step, from library screening to finished construct. Conditional targeting constructs can be generated easily with minimal additional manipulation.
Introduction
The development of technologies for targeted gene disruption in mouse embryonic stem (ES) cells has profoundly shaped biological research. As the human genome project comes to completion and the mouse genome project comes to center stage, the demand for knockout mice should increase greatly as researchers try to define the functions of the large volume of genes discovered by whole-genome sequencing. The creation of knockout mice is still time-consuming, however. Several molecular manipulations must be carried out to create a knockout construct targeting a gene of interest in ES cells 1 . First, genomic clones of the gene are isolated and characterized. Second, a knockout construct is built in which a positive-selection marker (usually the neomycin resistance gene, neo r ) is flanked by genomic sequences of several kilobases, and a negative-selection marker (usually the thymidine kinase gene, TK1, of herpesvirus) is placed at one end, followed by plasmid backbone. These manipulations can be a rate-limiting step in the generation of a knockout mouse and often deter investigators from making the attempt. To simplify the creation of knockout constructs, we have developed λ phage vectors for constructing genomic libraries along with methods to build constructs based on homologous recombination in E. coli.
Several recombination pathways have been identified in E. coli, including the RecBCD pathway, which has a major role in the repair of double-strand breaks 2 . RecBCD is a helicase and nuclease that unwinds and degrades DNA to generate 3′ singlestranded DNA (ssDNA) tails used by the RecA protein to initiate recombination. The efficiency of homologous recombination between a linear piece of DNA and the host chromosome is very low, however, in E. coli that has wildtype RecBCD, because the introduced linear DNA molecules are degraded efficiently before recombination has a chance to proceed. This degradation can be prevented by mutations in recB or recC, but this reduces the recombination efficiency because less 3′ ssDNA is produced. Recombination can be restored by a suppressor mutation that activates expression of a nuclease that produces 3′ overhangs 3 . One such suppressor is the sbcA mutation, which removes a repressor for an endogenous lambdoid prophage, Rac, and induces the expression of recE and recT (ref. 4) .
In a strain with a mutant RecBCD suppressed by sbcA, such as JC8679 (ref. 5) , linear recombinant DNA containing a selectable marker flanked by homology to a target gene can recombine with a host chromosome or plasmid with modest efficiency, producing a gene replacement 6 . RecBCD can also be inactivated by the gam protein of λ phage. In the presence of gam, λ phage-encoded recombination function stimulates homologous recombination in E. coli 7, 8 . The recombination functions of λ phage are carried out by the λ red genes (i) exo, a nuclease that acts progressively on double-strand DNA to generate 3′ singlestranded overhang and (ii) β, an ssDNA-binding protein capable of annealing complementary ssDNA strands. Recombination by the λ recombination proteins is very efficient, and the rate of recombination between an infecting phage and a homologous resident plasmid can be as high as 1% (ref. 9) .
We have used bacterial genetics to stimulate the capacity of cells to recombine linear DNA fragments with small stretches of homology, which facilitates the identification and manipulation of genomic DNA. Notably, we achieved homologous recombination at such a high frequency that we were able to isolate genomic clones from a library by homologous recombination using as little as 80 bp of homology. The process takes less than a week from library screening to finished constructs, in contrast to the months often required by conventional methods. In addition, the REC method lends itself to the simplified creation of conditional targeting constructs.
Results

Construction of λKO-1 phage vector and genomic libraries
The λKO-1 vector is a phasmid replacement vector 9 designed to facilitate genomic library construction for making gene knockouts in ES cells. λKO-1 contains TK1 driven by the pMC1 promoter placed directly adjacent to the site of genomic DNA insertion (Fig. 1a) . TK1 is used in the positive-negative selection scheme designed to make gene knockouts in ES cells. As λKO-1 uses the cre-lox automatic subcloning system we previously developed for λYES 10 , neither purification of λ DNA nor subsequent subcloning of inserts is needed. A typical Cre-generated excision plasmid is shown in Fig. 1b . A unique feature of λKO-1 is that its stuffer contains the λ repressor cI driven by a strong constitutive promoter, Con I (ref. 11). The cI protein can repress the transcription of λ phage genes, forcing lysogenization of phage in which its expression persists 12 . Thus, λKO-1 cannot form plaques, but it can lysogenize E. coli as an ampicillin-resistant (Ap r ) extrachromosomal plasmid which facilitates its purification by CsCl-gradient centrifugation. In the preparation of genomic libraries using λKO-1, only phage containing genomic inserts can form plaques, providing an additional selection for inserts aside from size selection and obviating the need to purify λ arms away from the stuffer. In a test, we digested λKO-1 with BamHI and ligated it with and without an insert, at an insert-tovector molar ratio of 2:1. Both ligations were packaged in vitro. We observed at least 200-fold stimulation of plaque-forming units (PFUs) by insert DNA (data not shown). We also constructed λKO-2 (Fig. 1c) , which is identical to λKO-1 except that the loxP sites were replaced with R recombination sites (RS) and has advantages (discussed later) in generating conditional targeting constructs.
We used λKO-1 to construct a mouse genomic library. We cleaved λKO-1 plasmid DNA with BamHI and ligated it to 10-14-kb fragments of 129 mouse genomic DNA prepared by partial Sau3AI digestion and sucrose-gradient purification. We obtained a library with 50× coverage of the genome (1.3 × 10 7 primary recombinants) and amplified it once. Restriction analysis revealed that 40 of 40 clones contained inserts with an average size of 12 kb (data not shown).
Library screening by homologous recombination using REC The E. coli strain (JC8679) mutant for the recombination genes recBC can take up linear DNA and recombine it into its chromosome or resident plasmids through homology on the introduced linear DNA 6 . Recombination in this strain can occur with as little as 50 bp of homology 13 . The recombination efficiency in this strain is around 1 × 10 -6 (one recombinant per 10 6 transformants), howevertoo low for library screening. Recombination functions encoded by bacteriophage λ can promote homologous recombination in E. coli 7, 8 . To test whether this could increase the kinds of recombination events we are using here, we constructed a plasmid, pML104, that carries the genes encoding the exo, β and gam recombination functions of bacteriophage λ as well as recA, so that we could render any E. coli strain recombination proficient. As exo, β and gam are under the control of the lac promoter inducible by isopropyl-β-Dthiogalactopyranoside (IPTG), it is possible to turn recombination functions on and off. The pML104 plasmid is a spectinomycin-resistant (Sp r ) derivative of pSC101 that has a temperature-sensitive (Ts) origin of replication that is nonfunctional at 42 °C. We achieved homologous recombination frequencies of 1 × 10 -4 (one recombinant per 10 4 transformants) in IPTG-treated cells containing pML104, using the tetracyclineresistance gene (Tc r ) flanked by 50 bp of sequence homologous to a target plasmid. This represents a 100-fold increase over that obtained using the recBC mutant JC8976 cells (data not shown). So far, pML104 has been used in E. coli strains XL1 Blue, BNN132 and DH10β with similar recombination frequencies, but the efficiency varies as a result of differences in electroporation efficiencies, with DH10β being the most transformable. The average size of inserts in our genomic library is 12 kb, and 2.5 × 10 5 clones should cover the genome (3 × 10 9 bp) once. The frequency of any individual single-copy sequence in the library is thus 4 × 10 -6 . In 10 10 transformants, there are 4 × 10 4 copies of every unique sequence. Given the recombination frequency (1 × 10 -4 ), there should be four recombinants of the gene of interest in every 10 10 transformants. In principle, this frequency should allow one to screen a genomic library by homologous recombination and to identify plasmids containing the genomic DNA of interest that has the designed replacement.
To test the feasibility of screening the genomic library by homologous recombination, we constructed an E. coli strain, SCRN3, consisting of DH10β containing pML104 and a lysogenized λCC (the chloramphenicol-resistance gene, Cm r , expressing cre). The screening strategy is shown in Fig. 2a . SCRN3 cells are infected with the library phage and grown in the presence of ampicillin to select cells that have absorbed phage and converted them to plasmids. The cells are harvested and processed for electroporation. DNA fragments carrying a bacterial selection marker flanked by homology are then introduced into these cells by electroporation. Homologous recombinants are selected on drugcontaining plates (Fig. 2a) .
To screen the library, we chose as a target the mouse Pttg1 (pituitary tumor-transforming gene), which we had previously isolated from the library through conventional methods. We determined its intron-exon structure (Fig. 2b) .
We flanked Tc r on each side by subcloning with 76 bp homologous to the sequence in exon 3 and exon 4, respectively, generating pKO-33. We then made the ends of the Pttg1/Tc r fragment (Fig. 2b ) blunt with the Klenow fragment of DNA polymerase I. We used 10 µg of gel-purified Pttg1/Tc r fragment and 80 µl of competent cells (approximately 1.4 × 10 10 cells) in a single electroporation. We obtained nine Ap r Tc r double-resistant colonies, in agreement with the expected recombination frequency. Restriction digestion and Southern-blotting analysis of these clones indicate that all are derived from mouse Pttg1 and that all nine contain a 0.4-kb HindIII fragment, as predicted (Fig. 2c,d ). Using a probe specific for exon 2, which is outside the homology region we used in the screening, we detected the predicted 2.2-kb HindIII exon 2-containing fragment in eight of nine clones (Fig. 2d) . These nine clones can be divided into six groups (a-f) based on the restriction mapping, and they overlap with each other (Fig. 2b) . Clone 6 is in group d and does not contain exon 2 but contains exons 4 and 5 (data not shown). These results show the feasibility of genomic library screening by homologous recombination.
From library screening to knockout vector construction
This simple genomic library screening method, together with the DNA fragment shuttle system, allows gene targeting vectors to be generated in two steps, using synthesized oligonucleotides to generate homology-flanked markers (Fig. 2e) (Fig. 2e) . A benefit of the latter approach is that homology-flanked PGK-neo r /Kn r fragments may be premade, making the whole process even faster. As these two steps involve only simple E. coli transformation, this strategy reduces both time and cost relative to traditional methods.
To demonstrate this strategy, we used mouse Cdkn1c (p57KIP2). We ligated linkers of 70 bp homologous to Cdkn1c to the Tc r . We used the Cdkn1c/Tc r fragment to isolate mouse Cdkn1c genomic clones through genomic library screening as above. With 1 µg of the fragment, we obtained two identical clones (named p57HRS); sequencing indicated that they are derived from mouse Cdkn1c (data not shown). To generate a gene-targeting vector, we replaced the Tc r fragment with PGKneo r /Kn r , rendering it fully competent for transfection into ES cells. We also created a plasmid, pKO-41, in which PGK-neo r /Kn r is flanked by sequences that are present at the ends of the Tc r fragment-28 bp at the 5′ and 48 at the 3′ end-but are not part of the Tc r gene. The new PGK-neo r /Kn r fragment was excised and transformed into JC8679, along with p57HRS, by electroporation.
Once Ap r Kn r recombinants were selected, restriction mapping indicated a successful PGK-neo r /Kn r substitution (data not shown), demonstrating the generation of a gene-targeting construct in two steps.
Using in vivo-excised recombination substrates to isolate genes
Although transferring the selectable marker flanked by homology into strains bearing the genomic library in plasmid form allows one to screen the library using homologous recombination, it has several features that could be improved. First, it requires a substantial amount of fragment DNA, 5-10 µg. Second, the library must be made competent soon after conversion to its plasmid form to achieve optimal recombination frequencies, for reasons that are not currently understood. This limits the amount of competent cells one can generate from a given aliquot of library and consumes relatively large amounts of library per electroporation. Third, the frequency of recombination allows the isolation of only a dozen or so recombinants per transformation and requires a significant amount of homology (∼70 bp per end).
To circumvent these problems, we sought to develop a second REC method for achieving homologous recombination without the use of electrocompetent cells by creating in vivo the same recombinogenic fragment we used in vitro to target recombination (Fig. 3a) . Briefly, this method generates the recombinogenic linear fragment by inducing a restriction enzyme in E. coli that excises the recombination substrate from a resident plasmid. During the excision of this fragment, the λKO-1 genomic library is allowed to replicate in the bacteria, allowing the excised fragment to recombine with phage containing homologous DNA. The recombinants are recovered by converting the phage to plasmid DNA, by using it to infect BNN132 or other suitable bacteria expressing cI and cre and selecting for the drug-resistance marker that has recombined into the phage. To accomplish this, we used the restriction enzyme I-SceI, which recognizes an extremely rare 18-bp restriction site that is not present in mammalian genomes. We cloned a blunt fragment containing the Tc r selectable marker flanked by 75 bp of sequence homologous to Pttg1 into the PmeI site of pML179 (Fig. 3b) to create pML184 (Fig. 3c) , a Cm r high-copy number plasmid derived from pDPT270 (ref. 14) that was engineered to contain a PmeI site directly flanked by I-SceI sites. The plasmid pDPT270 is unrelated to pBR322, and thus no homology is shared between λKO-1 and any of the pML derivatives. We then introduced pML184 into SCRN10, which contains the recombination-enhancing plasmid pML104 and the gene encoding I-SceI under the control of the araBAD promoter integrated into the E. coli chromosome (Fig. 3a) 15 . To determine whether this strain could provide a sufficiently high recombination efficiency to make library screening feasible, we tested its ability to transfer the Tc r marker to a phage that contained the genomic sequences for Pttg1, λKO-1-Pttg1. We infected 1 × 10 8 λKO-1-Pttg1 PFUs into 3 × 10 9 SCRN10 cells containing pML184 and plated them on 150-mm LB plates containing 0.002% arabinose to induce I-SceI and 0.4 mM IPTG to induce the λ recombination functions. The plates were incubated for 8-10 h at 37 °C. The resulting amplified phage, 1 × 10 11 total PFUs, were harvested and used to infect the strain BNN132 with selection for Ap r Tc r . We saw Ap r Tc r colonies at a frequency of 5 × 10 -5 Ap r colonies, or about 1 recombinant for every 20,000 homologous phage. No Tc r cells were isolated by amplifying this phage on similar cells lacking I-SceI. In addition, 24 of 24 Ap r Tc r colonies tested were homologous recombinants (data not shown).
To test library screening, we infected 1 × 10 8 phage from the genomic λKO-1 library into 2 × 10 9 SCRN10 (pML184) cells and amplified them as described above. We recovered 1 × 10 11 phage from the amplified library and infected 2 × 10 10 phage into an equal number of BNN132 cells for automatic subcloning as previously described 10 . From these phage we recovered 300 Ap r Tc r colonies. Of 48 clones analyzed, 47 shared restriction fragments and represented 12 distinct genomic clones (Figs 4a  and 2b ). Southern blotting with the 3.7-kb HindIII exon 5 fragmentwhich was not present on the targeting plasmidas a probe revealed that 47 of 48 clones contained DNA homologous to the exon 5 probe. Of these, 28 contained the entire 3.7-kb fragment and 19 contained part of the fragment (Fig. 4a) . Only one clone, number 12, failed to hybridize. Thus, the frequency of nonhomologous recombination under these conditions is very low. In addition, the isolation of 300 recombinant phage reflects a 10-fold higher yield than we predicted from the control experiment with the Pttg1-containing phage. Why this is so is not understood.
We next examined the length of flanking homology at each end of the selectable marker required for the screen. We generated targeting fragments containing the Tc r marker by PCR in which primers were designed so that different lengths of sequence homologous to Pttg1 were present on each fragment. The PCR products were cloned into pML179 and used to screen the genomic library as above. There is little difference in recombination efficiency between lengths of sequence homology 50 bp and above; however, the frequency drops off significantly at homology lengths of 40 bp and less (Fig. 4b ). We saw rare homologous recombinants with 29 bp of homology.
To test the generality of the REC method, we screened the library for two additional genes, Cdkn1c and trbl. For Cdkn1c, we synthesized 70-bp oligonucleotide linkers and ligated them to the EcoRI and BglII sites flanking the 1.4-kb Tc r . The 5′-end homology corresponded to the 5′ untranslated region (UTR) of exon 1 of Cdkn1c and the 3′-end 70-bp homology region corresponded to DNA in the second intron and exon 2. We cloned the resultant fragment into the PmeI site of pML179 to create pML194, and introduced it into SCRN10 cells. We amplified the genomic library in λKO-1 in this strain as described above and converted the resultant phage stock to plasmid form by infection of BNN132. We analyzed 30 3.7 kb M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 clones and found that they represented 7 different phage, all but 2 of which clearly contained genomic Cdkn1c DNA as seen by restriction analysis (data not shown). The recombination frequency we saw was similar to that obtained in the previous screen. The third gene used for targeting was the mouse homolog of Drosophila trbl (Tribbles), which is involved in cell-cycle control 16, 17 . In this case we generated an insertion allele by inserting a restriction fragment containing PGK-neo r and Tc r into the BamHI site in the first exon of trbl. PGK-neo r can be used to select for homologous recombinants in ES cells. We excised this fragment from the trbl cDNA fragment by SmaI digestion and cloned it into the targeting vector pML179 to generate pML193. We introduced pML193 into SCRN10 cells and carried out a library screen. We analyzed 21 clones and found that they represented 9 different phages, each of which contained genomic trbl DNA (Fig. 4c) . The recombination efficiency in this case was reduced by 80% relative to the those for Cdkn1c and Pttg1. The resultant plasmids containing PGK-neo r are thus competent for disrupting trbl in ES cells. This demonstrates that genomic library screening and targeting constructs can be made in a single step using the REC in vivo recombination method.
Generation of conditional targeting constructs
The generation of a conditional allele offers many advantages for creating genetically modified mice, especially for essential genes or genes that act more than once during development. Conditional alleles are usually created by flanking exons of the gene of interest with site-specific recombination sites such as loxP. The REC method provides a simpler means to create such constructs. To demonstrate this, we generated a conditional targeting construct for mouse Fbw7 (Fig. 5a ) 18 . We isolated genomic clones of the gene through in vivo REC selection targeting sequences in intron 6 using Tc r flanked by the rare restriction sites PacI and NotI, which are not present in the vector. In the chosen clone, the Tc r sequence was replaced with a loxP site through a simple subcloning step that simultaneously destroyed both the NotI and PacI sites. To introduce the second loxP site as well as the selection marker, PGK-neo r (flanked by Flp recombinase target sequence FRTs for future removal by Flp from the targeted locus), we inserted Tc r into intron 4 by homologous recombination and then replaced it with a cassette containing PGK-neo r and a second loxP site in the same orientation as the first. It took three steps and less than a week to generate this conditional targeting construct (Fig. 5a ). In principle, this method could be shortened further by screening the library with a Tc r probe flanked by loxP sites and simply recombining across these sites to eliminate the Tc r marker in vivo (Fig. 5b) . However, the λKO-1 vector already uses two loxP sites for the conversion from the phage to plasmid form and the resulting plasmid retains one loxP site. The presence of this loxP site would interfere with this second strategy, but not with the strategy we employed in Fig. 5a , as the loxP site used in plasmid excision is outside of the genomic sequences and will be removed by recombination in ES cells.
To facilitate the second strategy and further shorten the process of generating conditional alleles, we constructed the λKO-2 phage (Fig. 1c) , in which the loxP sites used for automatic subcloning are replaced with a different recombinase target, RS, the R-recombinase recognition site. We achieved similar efficiency using Rrecombinase in automatic subcloning of the inserts in λKO-2 as we did using cre-lox and λKO-1. This new automatic subcloning step leaves behind an RS instead of a loxP site. To generate a conditional targeting construct using λKO-2, we made a mouse genomic library in λKO-2. We used mouse trbl to show that it was feasible to generate conditional alleles using the scheme outlined in Fig. 5b . We screened the λKO-2 library using sequences homologous to trbl, but in place of the Tc r we used Tc r flanked by loxP sites. We selected homologous recombinants and verified them by DNA sequencing. The screening efficiency was not affected by the presence of two loxP sites flanking the Tc r . We then removed the Tc r marker by transferring the plasmids into a cre expression strain, BNN132 (ref. 10 ). This step places one of the two required loxP sites into the construct. We introduced the second lox site, along with FRT-flanked PGK-neo r /Kn r , by homologous recombination. This step can also be accomplished by subcloning if convenient restriction sites are available. The scheme in Fig. 5b thus generates a conditional targeting vector in essentially two steps, and can be accomplished in as few as three days after library screening.
Discussion
The future of the human and mouse genome projects lies in the functional analysis of the genes thus discovered. Although a number of high-throughput methods have been developed for the analysis of whole-genome transcription and protein function, with respect to fundamental information content, none can replace the genetic analysis of organisms that have had each gene mutated. Research consortia have approached this problem in Saccharomyces cerevisiae with great success, individually deleting each of the roughly 6,000 open reading frames 19 . Eventually this type of analysis will be undertaken for the mouse and possibly other mammals to ascertain the function of these genes within the animal, as this is the best way to learn about the human genome. This will be a massive undertaking, the first step of which is the design of thousands of gene-knockout constructs that will conditionally replace each gene and make it possible to manipulate the timing of gene function within the organism. A number of largescale approaches to the mutation of mouse genes have been undertaken using gene-trap technologies that select for insertional mutations in ES cells 20 . These genetically modified cells, although useful, are less than optimal for the kind of analyses we will need to carry out to fully explore gene function in the mouse, because in many cases the insertions are not null mutations. More importantly, these insertions are not conditional mutations, and considerable effort is required to locate and identify the gene into which the insertion has occurred. In addition, if an insertion mutation causes an embryonic lethal phenotype, we will not be able to learn about that gene's function in many other tissues later in development or in the adult. For this reason, carefully designed conditional mutations will need to be constructed by homologous recombination to allow gene function to be fully explored in a tissue-specific manner. Several reports have described ways of generating gene-targeting vectors based on homologous recombination in E. coli [21] [22] [23] or in yeast 24, 25 . We have also independently developed similar methods in the past. Although these methods simplify the generation of gene-targeting vectors, they all require the time-consuming isolation of individual genes and their subcloning into appropriate vectors. Isolation and analysis of genomic clones, together with the subsequent subcloning, are the most time-consuming aspects of generating a targeting construct. Even the newer methods involving homologous recombination [21] [22] [23] still require all of these steps. To facilitate future genetic genome projects, we have made significant improvements in the manner in which both gene isolation and targeting-vector construction are accomplished by incorporating homologous recombination by bacteriophage λ genes expressed in E. coli. We have successfully accomplished library screening and vector construction in a single step. Genomic DNA can be isolated from complex mixtures using homologous recombination 26 ; however, this requires longer stretches of homology than we used here, and the usefulness of this approach has not been established with respect to the isolation of larger fragments from complex mixtures, as required for the generation of targeting constructs. In contrast, our method can be used to isolate clones of any size, and we have demonstrated its usefulness in the generation of targeting constructs.
The technological advances we have made in designing the REC method are in three categories: (i) improved vector design (ii) enhanced recombination using λ red and gam and (iii) the in vivo generation of recombination substrates. The λ replacement vector, λKO-1, has a number of useful features, including the ability to be grown as a plasmid and a genetic selection for inserts. This allows high-quality DNA preparation using CsCl gradients and circumvents the preparation of vector arms for ligation with genomic inserts. Moreover, the cI counter-selection makes it possible to select for inserts by plating the library on any E. coli strain without having to provide a special genetic background, as is required for spi + selection 27 . Libraries can thus be amplified on any of a number of strains that enhance the stability of inserts. In addition, λKO-1 has automatic subcloning capabilities and places inserts adjacent to the viral TK1 gene for use in the positive-negative selection for homologous recombination in ES cells 28 , which eliminates a second time-consuming step. We also created λKO-2, which has properties similar to those of λKO-1, but uses the R recombinase instead of cre for automatic subcloning. This allows loxP sites to be introduced automatically during the library screening step as a means of generating conditional alleles.
The second major improvement was the enhanced recombination frequencies provided by the use of the λ genes red and gam and the E. coli recA recombination genes. It is not clear which combination of proteins is responsible for the 100-fold enhancement in recombination frequencies compared to those obtained with our previous methods involving recBC mutants, but it is most probably the red and gam genes 8 . In addition, the pML104 recombination plasmid can be introduced into any background to enhance recombination and, because it contains a Ts origin of replication, can be removed by growing the cells at 42 °C. The frequencies of homologous recombination we saw in the library screens were higher than expected based on control experiments using a purified single phage. The reason for this is not known, but the phage chosen for the pure-population recombination study might have been atypical and have had a reduced recombination frequency. Using either transformation or in vivo plaque recombination, we achieved levels of recombination sufficient to fully screen a genomic library of considerable complexity with less than 100 bp of total homology.
The third improvement was the use of I-SceI to generate recombination substrates in vivo. The preparation of fragments in vivo improves on transformation by enhancing the overall efficiency of recombination: this method ensures that every phage has an opportunity to recombine with a targeting fragment (whereas in the transformation method, only those plasmids in cells that happen to take up a fragment have an opportunity to recombine). Thus, it ultimately produces more recombinants without the need to make highly efficient competent cells. In addition, the in vivo lytic recombination method is more reproducible and allows smaller regions of homology to be used in screening the library. We recommend 50 bp of homology on each side, because this produces a high percentage of homologous recombinants (>90%) and the frequency of recombination does not increase with longer stretches of homology. Investigation of the origins of the nonhomologous Tc r clones revealed that they grow very poorly at 37 °C, representing the small colonies on the tetracycline plates, and are also chloramphenicol resistant, whereas homologous recombinants grow well at all temperatures and are chloramphenicol sensitive (data not shown). The origins of these nonhomologous recombinants are unclear, but they may result from rare recombination between library clones and the resident pML179-derivative plasmid that bears Cm r . Nevertheless, nonhomologous recombinants can be easily screened out by checking for chloramphenicol resistance or growth at high temperature.
We demonstrate the isolation of 4 different genes using the REC method of recombinationally enhanced cloning, with as many as 12 distinct clones obtained for some of them. We have isolated genomic DNA by making precise insertions or by replacing anywhere from 230 bp to 2.2 kb, demonstrating the flexibility of this method. In addition, we have shown the feasibility of combining library screening and gene-targeting vector construction into a single step, which has never been accomplished before. In addition, the REC method is not limited to screening genomic libraries. We have also used it successfully to screen cDNA libraries and to disrupt genes on BAC clones (data not shown); in principle, libraries of all types can be screened by recombination. In one instance, we screened a cDNA library in such a manner as to add an epitope tag to the carboxy terminus of the protein encoded by the resulting recombinant (data not shown). In principle, the library could be screened and genetic elements introduced at any position in a gene to prepare it for a variety of future uses. The REC method could also be used to introduce site-directed mutations during recombination.
The use of REC cloning to construct conditional alleles has also been clearly demonstrated using the loxP-Tc r -loxP selectable marker and the λKO-2 phage library. After homologous phage have been isolated using this method, Tc r can be excised by Cre-mediated recombination and the second loxP site and a conditional mammalian selection marker can be inserted by homologous recombination using standard methods 13, 21, 22 . This takes only two days after the original library screening to generate a conditional targeting allele. The deletion of Tc r and the second recombination event can even be carried out in the same step if (i) the Tc r -containing plasmid DNA is treated with Cre in vitro (ii) the mixed population of plasmids, some of which might not have undergone deletion of Tc r , are cotransformed along with the DNA fragment adding the second loxP site and (iii) the transformants are plated on Bochner media 29 to select against the bacteria that are tetracycline resistant.
The REC method is simple and can be used to produce gene knockout constructs and other recombinant DNA products, using homologies gathered from databases in the form of synthetic oligos. This should greatly simplify and shorten the time required to generate genetically engineered animals for biomedical research. It is our hope that this method and other related recombinational methods 13, 21, 22 will encourage new efforts to address the function of mammalian genes identified through genome projects.
Methods
Construction of λ phage vectors and genomic library. We constructed a plasmid vector, pKO-0, that contains the ColE1 origin of replication and bla for replication and selection in E. coli, pMC1-TK1 for negative selection in mammalian cells, a 10-kb stuffer fragment and direct repeats of loxP sites flanking a NotI restriction site. pKO-0 was linearized by NotI digestion and ligated to λ arms derived from λFIX II (Stratagene), generating λKO-0. λ KO-0 was packaged and amplified in vitro. To construct λKO-1, we excised the stuffer from λKO-0 with BamHI digestion and ligated the resulting arms with another stuffer fragment containing the cI expression cassette, generating λKO-1. We packaged λKO-1 in vitro and used it to infect LE392. We selected Ap r extrachromosomal lysogens, carried out restriction analysis and selected a plasmid with the desired restriction map, which we named pλKO-1. We purified pλKO-1 DNA by CsCl-gradient centrifugation and used it for our library construction after characterization. We made λKO-2 in a similar fashion, except that we used oligonucleotides and subcloning to generate a 120-bp fragment with XhoI-RS-NotI-RS-SalI sites, producing the plasmid pML195, which we digested with NotI and ligated to NotI-cleaved λKO-1 DNA to make λKO-2.
We isolated genomic DNA from the livers of 1-mo male 129/SvEvBrd mice, partially digested this DNA with Sau3AI, and size-fractionated it by sucrose-gradient centrifugation. We collected 10-20-kb fractions, combined them and ethanol precipitated the DNA. The majority of the DNA ran at 14 kb on an agarose gel. We digested pλKO-1 and pλKO-2 with BamHI and phenol/chloroform extracted the digests to inactivate BamHI.
After ethanol precipitation, we suspended pλKO-1 or pλKO-2 in TE buffer at 1 µg µl -1 . We ligated 2 µg pλKO-1 or pλKO-2 with 2 µg genomic DNA in a volume of 10 µl and packaged and amplified it in XL1-Blue MRA (Stratagene; ∆(mcrA-183), ∆(mcrCB-hsdSMR-mrr) 173, endA1, supE44, thi-1, gyrA96, relA1, lac c ). For the in vivo excision method, the library was re-amplified in LE392 to restore the EcoK methylation pattern, because the I-SceI-expressing strain is hdsR + .
Preparation of linear DNA fragments used in homologous recombination. We prepared linkers by annealing a long (50-70 nt) and a short (20 nt) oligonucleotide. The short one, which also produces a four-base overhang after annealing, is phosphorylated at the 5′ end. The four-base overhang (different in each linker) is compatible with the sites present on the ends of the selection markers. We ligated the linkers with gelpurified DNA fragments containing a selection marker at a linker/fragment molar ratio of 10:1 to suppress marker DNA self-ligation. We incubated the ligation for 1 h at room temperature. We gel-purified the linker-flanked selection marker DNA, flushed the ends with Klenow DNA polymerase and either used the DNA directly in electroporation without further purification or cloned it into the PmeI site of pML179 for in vivo-excision recombinational cloning.
To use PCR to generate DNA fragments for ligation, we synthesized 70-bp primers that contain 50 bases for homologous recombination and 20 bases for annealing to selection marker. A 50-µl reaction consisted of 5 µl 10× reaction buffer (Fisher Biotech), 3 µl 25 mM MgCl, 1 µl 2.5 mM dNTP mixture, 1 µl of each of the primers at 10 µM, 0. Library screening by homologous recombination via transformation in E. coli. We constructed a bacteria strain, SCRN3, in two steps. We introduced the recombination-enhancing plasmid pML104 into DH10β cells (Life Technology). We infected the resulting strain with a λ phage carrying a cre-expression cassette and chloramphenicol resistance gene, Cm r . Phage lysogen was selected for chloramphenicol resistance. We grew SCRN3 at 30 o C in LB medium containing spectinomycin to OD 600 =2. We incubated 2 × 10 10 cells with the same number of library phage for 30 min at 30 o C with agitation. We transferred phage-infected cells to 500 ml of fresh low-salt LB medium containing ampicillin (50 µg ml -1 ), spectinomycin (25 µg ml -1 ) and IPTG (0.4 mM) and grew the cells for 2 h at 30 o C to an OD 600 of approximately 0.4. We harvested the cells and processed them for use in electroporation.
Library screening using homologous recombination with targeting DNA fragment generated in vivo. We first cloned the Tc r fragment flanked by 50-70 bp of homology to the gene of interest into pML179, resulting in a pML179 derivative that we transformed into SCRN10 cells. SCRN10 contains the recombination-inducing plasmid pML104 and I-SceI under the control of the araBAD promoter integrated into the E. coli genome. We selected transformants (SCRN10/pML179-derivative) on LB plates containing spectinomycin (50 µg ml -1 ), tetracycline (12.5 µg ml -1 ) and 0.2% glucose. We prepared an overnight culture under these same conditions, washed it twice with LB, and then diluted it 1:100 in LB containing 25 µg ml -1 spectinomycin and 0.4 mM IPTG for 3.5 h at 30 o C until an OD of 1.0 was reached. We then infected 4 ml of OD = 1 cells (approximately 3 × 10 9 cells) with 1 × 10 8 PFU of the mouse genomic λKO-1 library (multiplicity of infection of 0.03) in the presence of 10 mM MgSO 4 . We plated the infected cells on two 150-mm LB plates containing 0.4 mM IPTG and 0.002% arabinose, and incubated them at 37 o C for 8-10 h. Particles of λ phage were eluted out of the plates, collected, titered and used to infect BNN132 to generate plasmids. These excised recombinant plasmids were selected for by plating infected cells on LB containing ampicillin (50 µg/ml) and tetracycline (12.5 µg/ml). We then checked Ap r Tc r colonies for sensitivity to chloramphenicol and Ap r Tc r Cm s colonies were selected to eliminate nonhomologous recombinants. When the λKO-2 library was screened, the amplified phage library was used to infect the strain JM107-RS to excise plasmids from the phage backbone. JM107-RS carries a phage lysogen and pML66, a Sp r Ts plasmid that expresses the R recombinase under pLac control.
